Circadian variation is commonly seen in healthy people; aberration in these biological rhythms is an early sign of disease. Impaired circadian variation of blood pressure (BP) has been shown to be associated with greater target organ damage and with an elevated risk of cardiovascular events independent of the BP load. The purpose of this review is to examine the physiology of circadian BP variation and propose a tripartite model that explains the regulation of circadian BP.
Introduction
Circadian variation is commonly seen in healthy people; aberration in these biological rhythms is an early sign of disease. Perhaps the best studied of these biological rhythms are circadian variations in temperature, heart rate, and blood pressure (BP) [1] . In the general population impaired circadian variation of BP has been shown to be associated with greater target organ damage [2] . In addition impaired circadian variation of BP has been found to be associated with an elevated risk of cardiovascular events independent of the BP load [3, 4 ] .
The purpose of this review is to examine the physiology of circadian BP variation and propose a tripartite model that explains the regulation of circadian BP; the proposed model will allow us to better understand the provenance of deranged BP rhythms in disease. To prepare the framework for this tripartite model, the biology of circadian variation is first reviewed.
Circadian biology of blood pressure in mice
The time-keeper in mammals resides centrally in the suprachiasmatic nucleus. Apart from this central clock, molecular clocks exist in most peripheral tissues including vascular tissue and the kidney [5, 6 ] . Identified as transcription factors, these molecular clocks CLOCK and BMAL1, can heterodimerize and drive expression of Period (per) and Cryptochrome (Cry) genes [5] . The gene products, Per and Cry proteins, themselves then dimerize and complete the negative limb of the feedback loop by repressing their own transcription.
Circadian rhythmicity depends on BMAL1 and CLOCK genes. Genes relevant to catecholamine synthesis and disposition are under the control of the molecular clock [5] . Deletion in these genes results in significant loss of circadian mean arterial rhythms in mice [5] . Conversely, salt feeding in the Dahl salt-sensitive rat significantly blunts the expression of these clock genes in the liver, heart and the kidney [7] . Furthermore, deletion in these genes results in endothelial dysfunction, prothrombotic state and vascular injury [8 ] . Deletion in BMAL1 also results in significant blunting in pressor response to stress [5] . BMAL1 gene regulates sodium-proton exchange via NHE3 in the kidney [9] . More recently, Period 1 protein in the kidney has been shown to regulate the epithelial sodium channel which may be important in the control of sodium balance [6 ] . Before formulating a model that translates the circadian biology in mice to understand BP rhythms to men, a brief review of circadian BP variation is offered.
Description of circadian blood pressure variation
Blood pressure varies over a 24 h period with a peak during the day and nadir during the night. The decline in BP during sleep requires major physiological adjustments. Intuitively, assuming the supine posture increases preload which would logically increase cardiac output and BP. However, BP falls during sleep due to a coordinated and active switching off of autonomic activity in part evoked by baroreflex adjustments.
The abnormal pattern of BP detected by ambulatory BP monitoring is often described using the dichotomous definition based on dipper status. The lack of fall in BP during sleep is called nondipping. Nondipping has been defined in many ways and most investigators focus the definition on the systolic BP change. One of these definitions of nondipping is a night/day systolic BP ratio of more than 0.9 [4 ] . An inverted ratio (night/ day ratio of >1.0) is called reverse dipping; night/day ratio of less than 0.8 is called extreme dipping; normal dipping is defined as a night/day ratio of between 0.8 and 0.9.
The dichotomous definition based on dipper status does not fully describe BP rhythms. A sinusoidal rhythm is observed in systolic BP that varies about the mean (median estimating statistic or rhythm or MESOR) and generally peaks (acrophase) during the waking hours and nadirs (bathyphase) during sleep. The variation of BP about the MESOR is largely governed by activity [9] . This pattern of BP has acrophase during the waking hours and is thus said to be 'in-phase'. Patients with deranged rhythms often have the acrophase during sleeping hours, thus their rhythm is said to be 'out-ofphase' (Fig. 1 ). However, to be in-phase or out-of-phase the amplitude of circadian variation must be statistically greater than zero. If the circadian variation is so blunted that the amplitude of variation is no different from zero then acrophase may not be definable. This rhythm is called 'phase-less'.
Physiology of circadian blood pressure variation
A physiological model is proposed that integrates our understanding of molecular clocks in mice with the circadian BP variation in humans. This model is proposed to provide explanations for the causes of nondipping in various conditions and disease states.
The master regulator in this model is the sleep-activity cycle. The surrogate of the sleep-activity cycle is physical activity in the proposed model. The equivalents of peripheral clocks are endothelial and adrenergic functions. Thus, in the proposed model, the variation in circadian BP is dependent upon three major factors: physical activity, autonomic function, and sodium sensitivity ( Fig. 2) . These factors are further discussed below.
Physical activity
During the day when people are most active, BP is higher. Among individuals who are normally active during the day, if physical activity is increased during the night, the nocturnal BP decline is blunted [10 ] .
There is a direct relationship between physical activity and systolic BP: increase in physical activity raises the systolic BP [10 ,11,12] . Clark et al. [13] were among the first to report that physical activity explains much of the circadian variation in BP. Subsequent investigators utilizing actigraphy extended these observations to demonstrate that between 20 and 60% of variation in daytime BP could be explained by physical activity [14] [15] [16] [17] [18] . The first study to evaluate the association of directly measured activity with circadian BP variation was that of Kario et al. [19] , who found that the sleep/awake ratio of systolic BP was directly related to the night/day physical activity. In another study, the relationship between physical activity and circadian BP variation was revealed by directly measuring physical activity with an actimeter and BP with an ambulatory monitor [20 ] . A novel feature of this study was the use of cosinor analysis to model circadian rhythms. A higher level of directly measured physical activity was associated with important changes in systolic BP profiles which include the following: lower overall BP; higher amplitude of variation (and thus greater dipping); and restoration of acrophase to the early hours of the morning.
In contrast to systolic BP, circadian variation for diastolic BP was not entirely explained by activity; even among participants in the lowest 25% of activity a circadian variation in diastolic BP was apparent [20 ] . The disparate relationship of circadian variation in systolic BP with activity and diastolic BP with activity may be because systolic BP is influenced to a greater extent by changes in cardiac output, which in turn is heavily influenced by physical activity. It follows that lack of physical activity is associated with lack of circadian variation in systolic BP. Astronauts in zero gravity also show blunting in systolic BP circadian variation [21 ] . This may be because the zero-gravity environment leads to relative physical inactivity. In addition, the sympathetic nervous system is activated due to hypovolemia induced by the space flight (the effects of sympathetic activation are discussed below) [22] .
Although physical activity magnifies the amplitude of variation in diastolic BP and heart rate, activity does not perturb the MESOR or acrophase [20 ] . Diastolic BP is influenced by systemic vascular resistance which is regulated by the autonomic nervous system. Heart rate is also directly regulated by the autonomic nervous system. Given that both hemodynamic variables are under direct autonomic control it is not surprising that both are influenced in similar ways by increased physical activity. Even when physical activity is very low a circadian variation was seen in the case of diastolic BP and heart rate. This observation suggests an important influence of variation in endogenous autonomic tone in regulation of these hemodynamic variables.
Autonomic function
The sympathetic nervous system regulates the circadian variation in blood vessel tone and is closely linked to dipping [23] . A distinct circadian rhythm is observed for epinephrine and norepinephrine in healthy volunteers; awakening evokes epinephrine release and orthostasis both epinephrine and norepinephrine release [24] . Among healthy volunteers, higher resting measurements of sympathetic traffic are associated with greater daytime BP variability and a more marked nocturnal decline in BP [25] . Conversely, among patients with tetraplegia, dipping is abolished; patients with tetraplegia, unlike those with paraplegia, have complete interruption of the sympathetic pathway [26] . Patients with paraplegia have less impairment in circadian variation of BP. Increased Circadian BP pathophysiology Agarwal 53 sodium intake can impair baroreflex sensitivity, which can then cause sympathetic activation [27] . Compared with dippers, there are several lines of evidence for sympathetic activation among nondippers: nondippers have impaired renal sodium excretion in the upright posture [28] ; inappropriate release of norepinephrine during supine rest [29] ; a blunted nocturnal fall in urinary epinephrine and norepinephrine excretion rates [30] ; and an increased responsiveness of alpha-1 adrenergic receptors [30] .
Sodium sensitivity
Salt sensitivity can be defined as a reduction in BP upon restriction of dietary sodium intake. Patients with nondipping are salt-sensitive and commonly have deranged endothelial function. Normal endothelial function appears to be important in the regulation of circadian BP variation. Compared with dippers, nondippers have impairment in directly measured endothelial function [31] . The relationship of endothelial function and salt sensitivity was demonstrated by administering L-arginine, a substrate for endothelial nitric oxide synthase, to Dahl salt-sensitive rats; L-arginine restored endothelial function, which corrected the salt sensitivity in these animals [32] .
Measures that improve sodium sensitivity such as dietary sodium restriction, angiotensin-converting enzyme (ACE) inhibitors, and diuretics may also restore deranged circadian rhythms. Among hypertensive patients, dietary sodium restriction to between 1 and 2 g/day restored circadian BP derangements [33] . Interestingly, this improvement was observed only among those who were sodium-sensitive [34] . Thiazide diuretics also restored circadian BP profile, but only among nondippers [35] . Likewise, administration of the ACE inhibitor restored the dipping profile [36] .
There are likely other mechanisms that mediate dipping. For example, impaired melatonin patterns among nondippers suggest a physiological response to darkness independent of the factors discussed above [37] . However, other studies have not found differences in melatonin between dippers and nondippers [29] . Others suggest existence of a central mechanism to regulate the baroreflex which mediates dipping [38] . The latter study was limited to 12 patients, so will require further confirmation.
Conditions associated with nondipping
Epidemiological observations suggest multiple correlates of nondipping. These correlates are not diseases but nonetheless conditions that are associated with nondipping. These conditions are directly associated with a deranged physiology of dipping. The relationship between these conditions and physiological derangements may be multifactorial as discussed below.
The correlates of nondipping are the following: age, aortic stiffness, race, impaired fasting glucose, lack of social support, reduced physical quality of life. Age is directly associated with nondipping [39, 40] , which may be due to reduced physical activity and sympathetic activation due to impaired baroreflex sensitivity. Aortic stiffness is associated with endothelial dysfunction and impaired baroreflex sensitivity; the latter leads to autonomic dysfunction and nondipping [41 ] . African Americans have a high prevalence of nondipping likely from salt sensitivity, a marker of endothelial dysfunction [42] . African American adolescents often have low potassium intake, which can activate the sympathetic nervous system. Among salt-sensitive African American adolescents, potassium supplementation leads to dipping due to drop in sleep diastolic BP (from 69 to 57 mmHg) [43] . Impaired fasting glucose is associated with nondipping even among normotensive individuals and is associated with endothelial dysfunction [44] . Lack of social support is associated with nondipping; nondipping in this situation may be mediated by activation of autonomic pathways [45] .
Diseases associated with impaired circadian blood pressure rhythms
Several disease states are associated with a high prevalence of nondipping. The foremost among these is chronic kidney disease (CKD). 
Sedentary habits
The three factors that are primarily responsible for dipping are physical activity, sodium sensitivity and autonomic function. Impairments of any of these three functions can lead to nondipping. Some conditions associated with nondipping are shown outside these circles and discussed in the text. Diseases such as CKD are often associated with nondipping, the pathophysiology of which is complex and discussed in the text.
Chronic kidney disease
All the three factors that regulate circadian BP are deranged among patients with CKD. How these factors lead to deranged circadian rhythms is discussed further.
Patients with CKD often are sedentary and have low physical activity. Those with low physical activity have lower circadian BP variation. This aberration in circadian BP variation is particularly pronounced for systolic BP and less so for diastolic BP or pulse pressure. Nondippers have a greater level of sleep activity than dippers, although the awake activity level is similar between dippers and nondippers [10 ] . One reason for increased nocturnal activity among patients with CKD is nocturia, which is associated with nondipping [46 ] .
Patients with CKD have sympathetic activation which has been documented by direct microneurography [47] . Microneurography records the bursts of sympathetic nerve activity in the peroneal nerve and has demonstrated a heightened state of sympathetic activation among patients on hemodialysis and among those with CKD [47] . This activation is directly related to diseased kidneys; anephric patients have lower sympathetic activation [47] . Sympathetic activation can also occur in these patients due to arterial stiffness and consequently reduced baroreceptor sensitivity. Increased arterial stiffness is strongly related to proteinuria [48] . Sympathetic activation is associated with nondipping among patients with type 2 diabetes and diabetic nephropathy [29] .
Patients with CKD have endothelial dysfunction [49] . A manifestation of endothelial dysfunction -sodium sensitivity -is seen even at the earliest states of CKD [50] . The sympathetic nervous system can directly modulate renal sodium excretion and this can further induce endothelial dysfunction [51] .
Given the above pathophysiology, it is not surprising to note that nondipping is seen early in the course of CKD. Some studies have indicated that nondipping may precede sustained elevation in BP in patients with type 1 diabetes who subsequently develop microalbuminuria [52] . Others have reported that nondipping may reveal the presence of diabetic glomerulopathy even in the absence of microalbuminuria [53] .
Among patients with established CKD, further impairment of glomerular filtration rate (GFR) is not associated with greater nondipping. Rosansky et al. [42] reported that among 53 older veterans with hypertension increasing severity of renal dysfunction was not related to the extent of dipping. Among 30 patients with CKD, Portaluppi et al. [54] found no significant relationship between creatinine clearance and day-to-night BP changes. However, among 380 patients with essential hypertension, secondary hypertension, and on renal replacement therapy, Farmer et al. [55] reported a direct relationship between plasma creatinine and nondipping. These differences may be due to heterogeneity among the populations and differences in the statistical methods. For example, a nonlinear relationship between nondipping and plasma creatinine may exist but if these nonlinear relationships are not formally tested one may wrongly conclude the presence of a linear relationship. In a large prospective study which included a large number of patients with CKD, Agarwal and Light [20 ] reported that, among 336 older veterans not on renal replacement therapy, dipping was not further impaired with advancing stages of renal failure. A graded relationship emerged between the mean level of BP and kidney function. However, the relationship of kidney function to circadian variation was nongraded. Whether the derangement in kidney function was assessed by proteinuria or eGFR, circadian BP variation was markedly impaired in patients even with the earliest stages of CKD [20 ,56 ] . Furthermore, the time it takes to dip is prolonged among patients with CKD [57] .
Kidney transplantation
Whether dipping can be restored by kidney transplantation has yielded conflicting reports. With transplantation, some studies suggest that dipping can be restored [58] , whereas others have reported a high prevalence of nondipping [55, 59, 60] . Whereas successful kidney transplantation may restore kidney function to normal, more often these patients continue to have impaired kidney function and hypertension [61] . If even the slightest impairment of GFR is associated with nondipping this would be one reason why kidney transplantation may not restore dipping. In a study of 36 kidney transplant recipients, all patients had either proteinuria or impaired GFR and 95% were nondippers [62] . In another study of 49 kidney transplant recipients in which all patients had either proteinuria or impaired GFR, 82% were nondippers [59] . In a longitudinal cohort of kidney transplant recipients, GFR and age were independent correlates of nondipping [63] ; other reasons could be the use of corticosteroids which can cause endothelial dysfunction and the use of calcineurin inhibitors that can cause both endothelial dysfunction and sympathetic activation. The dose and plasma concentration of the calcineurin inhibitor cyclosporine has been associated with nondipping [64] . In fact, among kidney transplant patients dipping is restored over time [58] . This restoration is consistent with the hypothesis that over time these patients have less immunosuppression and consequently reduced sodium sensitivity and better endothelial function.
Hemodialysis
Diuretics and sodium restriction in salt-sensitive hypertension but without CKD can restore dipping. Therefore it stands to reason that volume challenge among hypertensive hemodialysis patients can restore dipping. In a randomized trial, although reducing dry weight resulted in reduced systolic and diastolic BP within 1 month [65 ] , there was no restoration of dipping [66 ] . Hypertensive hemodialysis patients have marked sympathetic activation and volume reduction is unlikely to mitigate sympathetic activation; in fact it may even aggravate it. Accordingly, it is not surprising that dipping was not restored with volume reduction therapy in these patients.
Sleep apnea
A high prevalence of nondipping is noted among patients with sleep apnea. For example, among those with obstructive sleep apnea nondipping was found in 28 of 40 patients (70%) [67] . Nondipping was found in these patients even when they were normotensive. The effect of sleep disordered breathing on circadian BP rhythms is independent of physical activity and obesity [68] . Among children with moderate sleep disordered breathing, impaired nocturnal decline in systolic and diastolic BP has been reported [68] . All three circadian regulatory factors -physical activity, sodium sensitivity and autonomic function -are deranged in these patients. Physical activity is lower because these patients are often obese. Nocturnal activity may be increased due to increased nocturnal awakening and nocturia. Sodium sensitivity is deranged due to a variety of causes which together constitute the metabolic syndrome. Sympathetic activation has been reported in these patients especially in relationship to apneic spells. In fact, the apnea-hypopnea indices correlate closely with nondipping [67] . Furthermore, sympathetic activation, as inferred from daytime urine norepinephrine, is related to night-time BP and daytime BP variability [69] .
Heart failure
In one study of 50 patients with symptomatic heart failure, 78% were found to be nondippers [70] . Nondipping was also found to be worse in those with more advanced stages of heart failure. Heart failure is associated with reduced physical activity, autonomic activation, and endothelial dysfunction. Accordingly, it is unsurprising to find such a high prevalence of nondipping among these patients.
Metabolic syndrome
Metabolic syndrome and its components are associated with nondipping [71 ,72 ] . Among patients with metabolic syndrome, Hermida et al. [71 ] have demonstrated reduced physical activity and factors associated with endothelial dysfunction such as obesity, hypertension, and hyperglycemia. Interestingly, smoking was associated with dipping because smoking evoked an increase in BP during the day. During sleep when people did not smoke a decline in BP was noted.
Conclusion
The tripartite activity-autonomic-sodium sensitivity model appears to explain the physiology of circadian BP variation and the pathophysiology of disrupted BP rhythms in various conditions and disease states. Our understanding of molecular clocks in mice helps to explain the provenance of blunted circadian BP variation among astronauts.
